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FOREWORD 


Thu  study  reported  hers in  was  initiated  by  the  Flight  Dynamics  Laboratory, 
Aeronautical  Systacr.s  Division,  Wright-Pat tereon  Air  Korea  Baae,  Ohio,  at 
the  reeuest  of  the  U.  S.  Army  Transportation  Corps  under  MIPR-TRICOH-57-34 , 
Depairtnent  of  the  Army,  Project  No.  9-33-01-000,  Task  No.  302.  The  work 
was  iteeoeiplishad  by  tho  Vertol  Division,  Booing  Airplane  Osspenj,  Norton, 
Penney 1 vania,  under  Air  force  Contract  No.  Af33(6l6;-5240,  Project  No.  1370, 
"Dynamic  Problems  in  flight  Vehicles,,"  and  Tart:  No.  13749,  "Methods  for 
Predicting  Rotor  Induced  Helicopter  Vibrations."  Nr.  Otto  P.  Keurer  of  the 
Vehicle-Kinetics  Section,  Dynasties  Branch,  flight  Oynsnica  Laboratory  is 
task  mgineer  on  Task  No.  13749*  The  study  v^s  initiated  7  April.  195?  and 
ie  continuing.  This  report  is  Phase  VIZ  of  the  subject  contract. 

The  vfilusble  contributions  of  the  Messrs.  0«  J.  Seyers  sol  H.  Stemfeld  to 
this  !«-■  ject  were  especially  helpful  end  greatly  appreciated. 
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ABSTRACT 


This  report  presents  the  results  of  a  study  allied  at 
improving  the  correlation  betvson  recorded  heliccoter 
vibration  data  and  pilot  comments. 

Llssajous'  patterns  of  resultant  displacement,  velocity, 
and  acceleration  are  constructed  and  evaluated  to  define 
those  characteristics  which  best  correlate  with  the  per¬ 
tinent  pilot  comments.  A  new  measure  of  comfort  level, 
Equivalent  Vibration  Level  (Vofl)  is  defined.  These  quan¬ 
tities  are  calculated  for  all  Lissajous'  figures,  and 
resultant  acceleration  is  seen  to  be  the  most  meaningful 
parameter.  An  improvement  in  the  degree  of  correlation 
between  measured  vibration  and  pilot  comment  is  shown 
through  the  use  of  Veq  for  the  patterns  of  resultant 
acceleration,  in  lieu  of  the  standard  vibration  criteria. 
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I .  INTRODUCTION 


At  tbe  present  writing  there  exists  no  substantiated  vibration 
coafort  criteria  which  includes  tbe  variables  of  harmonic  con¬ 
tent,  phasing,  and  aotion  along  sore  tban  one  axis..  Present 
procedures  for  deteraining  the  acceptability  of  helicopter  vi¬ 
bration  data  conrist  of  coaparing  aeasured  haraonic  aaplitudes 
individually  eitb  tbe  prescribed  acceptance  liaits,  and  for 
eacb  direction  of  aotion  separately. 

Sven  tbe  aost  experienced  pilot  sometimes  finds  difficulty  in 
trying  to  distinguish  In  detail  tbe  direction  and  frequency  of 
tbe  highest  aaplitude  coaponents,  and  indeed  cases  have  been 
observed  where  tbe  pilot  coaaent  was  "unsatisfactory"  yet  the 
aeasured  data  aet  tbe  prescribed  liaits.  The  converse  of  this 
has  also  been  observed,  as  have  cases  where  two  different 
flights  displayed  tbe  saae  aeasured  vibration  characteristics 
yet  tbe  coaaent  was  "satisfactory"  in  one  case  and  "unsatis¬ 
factory"  in  the  other. 

if  such  poor  correlation  exists  between  pilot  coaaent  and  aea¬ 
sured  vibration  where  the  data  are  considered  highly  reliable, 
then  it  follows  that  either  tbe  pilots'  tolerance  varies  appre¬ 
ciably  froa  flight  to  flight  or  Indeed  tbe  aeasured  data  arc 
not  being  analysed  coaprebenslvely  enough  with  respect  to  all 
tbe  variables  which  coaprise  tbe  physiological  iapression  sen¬ 
sed  by  tbe  pilot.  Vbile  tbe  variation  of  pilot  tolerance  can¬ 
not  be  lightly  dlsaissed,  it  is  considered  essential  to  first 
sake  a  sore  coaprcbenslve  analysis  and  correlation  of:  (1) 
combinations  of  haraonlcs,  (2)  direction  of  aotion,  and  (3) 
their  respective  phasing  to  pilot  coaaent. 

Tbe  study  reported  under  this  contract  is  believed  to  be  tbe 
first  specific  atteapt  to  evaluate  such  coabinations.  To 
accoaplish  this,  existing  recorded  data  and  pilot  coaaent  w:;r»- 
reviewed,  certain  cases  selected  and  tbe  data  further  analysed.. 
The  vertical  and  lateral  coaponents  froa  eacb  selected  flight 
were  then  recombined  to  fora  patterns  of  resultant  aotion  in 
the  vertical-lateral  plane.  The  objective  of  this  study,  of 
course,  was  to  examine,  (1)-  the  decree  of  correlation  between 
these  patterns,  which  contain  all  haraonlcs  and  phase  relation¬ 
ships,  and  (2)-  the  corresponding  pilot  coaaent  -  with  a  view 
towards  establishing  a  new  coafort  criteria  that  would  bear  h 
acre  realistic;  relationship  between  vibration  aeasureaents  and 
the  pilot's  reaction. 


Manuscript  released  by  the  author  in  December,  1960  for  publi¬ 
cation  as  a  VADD  Technical  Report. 
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II.  DATA  ACQDI8ITI0N 


During  the  course  of  production  flight  tasting  of  the  H-2L 
series  helicopter,  a  large  voluae  of  cockpit  floor  vertical 
and  lateral  vibration  lovels  was  recorded.  Approximately  350 
aircraft  of  this  type  were  involved  and  the  data  covers  the 
entire  airspeed  range  at  normal  rotor  speed. 

MB  velocity  pickups,  located  as  shown  in  Figure  1,  were  used 
to  record  all  vibration  data.  The  output  signals  of  these 
pickups  were  fed  through  integrating  aapliflers  and  the  re¬ 
sulting  displacement  traces  recorded  on  the  oscillograph. 
Figure  2  is  an  oscillograph  record  of  the  type  used  in  this 
study.;  The  analysed  data  was  deterained  to  be  acceptable  by 
coopering  amplitudes  of  individual  harmonics  for  each  direc¬ 
tion  of  motion  with  the  limits  prescribed  in  Reference  1. 

Furthermore,  it  was  required  that  the  pilots  accept  or  reject 
each  aircraft  on  the  basis  of  the  vibrations  encountered  at 
the  tine  these  records  were  taken,  irrespective  of  the 
measured  data. 
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Ill.  DATA  SELECTION 


The  "cross-checking"  of  measured  amplitudes  and  pilot  comment 
on  vibration  acceptability  over  the  complete  speed  range  re¬ 
sulted  in  many  combinations  of  pilot  and  data  agreement  and 
disagreement,  For  this  study,  several  individual  flights  for 
which  measured  data  and  definite  pilot  comments  existed,  were 
selected  at  random  and  divided  into  five  groups.  These  groups 
are: 

1.  The  measured  vibration  level  is  acceptable  and  the  pilot's 
comment  is  Acceptable .  " 

2.  The  measured  vibration  level  is  unacceptable  and  the 
pilot's  comment  is  Unacceptable  " 

3.  The  measured  vibration  level  is  acceptable  and  the  pilot's 
comment  is  "unacceptable.** 

4.  The  measured  vibration  level  is  unacceptable  and  the 
pilot's  comment  is  "acceptable." 

5..  Two  flights,  on  the  same  helicopter,  of  apparently  similar 
vibration  level  evoking  conflicting  pilot  comment. 

For  this  study,  one  example  of  group  No.  5  is  considered  while 
three  ca.ses  of  groups  1  to  4  are  included.  In  all  cases,  mea¬ 
sured  vertical  and  lateral  data  at  the  cockpit  floor  were 
analysed  since  it  is  felt  that  these  modes  would  have  the 
greatest  influence  on  a  pilot's  opinion  of  aircraft  viDration 
level . 
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IV.  HARMONIC  ANALYSIS 


At  the  tine  these  vibrations  were  recorded,  i.e.  during 
production  flight  tests,  a  graphic  harnonir  Analysis. 
(Reference  2,  page**  120  -  133)  was  performed  and  the 
individual  h arson ic  aaplitudes  for  both  the  vertical  and 
lateral  vibrations  were  calculated.  No  particular  attespt 
was  aade  to  establish  phase  relationships. 

The  aaplitudes  were  Halted  to  the  first  tbreo  harwonics  of 
rotor  speed  since  in  a  three-bladed  helicopter  a  pilot's 
coaaent  is  based  largely  on  these  frequencies,  and  indeed 
the  human  body  is  aost  sensitive  in  this  frequency  range 
(References  3  and  4) .  The  entire  data  analysis  operation 
was  performed  annually  and  the  resulting  aaplitudes  are 
those  from  which  the  helicopter's  acceptability  (by  data) 
was  dete raiued .  This  graphical  analysis  was  performed 
always  using  the  aost  typically  repetitive  rotor  cycle 
froa  the  oscillograph  records. 

The  re-analysis  for  this  study  used  a  sore  enact  24  ordinate 
digital  analysis  as  described  in  Reference  5.  Here  both 
phase  and  a  more  exact  amplitude  determination  were  the 
objectives.  It  was  performed  on  the  sane  rotor  cycle  as  was 
originally  chosen  and  aade  use  of  an  automatic  digital 
computing  machine.  The  data  reading  equipment  consisted  of 
a  Benson-Lehner  Model  Oscar  J  data  reader,  Figure  3,  incor¬ 
porating  an  IBS  Model  026  keypunch  for  autoaatlc  preparation 
of  input  cards.  These  cards  were  fed  into  an  IBM  630 
computer  for  the  harmonic  analysis. 

This  program  consisted  essentially  of  a  curve-fitting 
process,  matching  the  curve  at  a  fixed  number  of  points 
by  the  classical  Fourier  expansion: 

f(t)  *  X  aQ  sin  nett  ♦  bn  cos  imlt  (1) 

n-1  n  "  0 


A  simultaneous  equation  solution  is  performed  for  the 
coefficients  of  the  sine  and  cosine  terns  utilizing  a 
miniaua  cf  (2K  ♦  l)  ordinates  in  order  to  provide  (2K  4  l) 
equations  in  (2K  ♦  i)  unknowns  where  K  t«  the  highest  harmon¬ 
ic  number  component  sought.;  Since  harmonics  as  high  as  10 
and  11  were  observed  In  some  cases,  a  24  >rdinate  analysis 
was  selected.  This  procedure  prevents  unaccounted-for 
higher  baraonics  froa  being  attributed,  erroneously  to  the 
lower  orders  which  are  of  primary  interest  to  the  program 
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The  sine  and  cosine  coefficients  were  then  restated  in  terms 
of  resultant  and  phase  angle  and  since,  as  in  the  production 
check  for  acceptance,  harmonics  only  up  to  the  t'lird  are 
considered  in  this  investigation,  Equation  1  is  rewritten 
for  the  correlation  effort  as: 


f(t)  -  a^cosftft  4  $})  *>■  ajCos(2**.  *  ajCosCStft^  ♦3)  (2) 

There  aB  1  amplitude  of  n*k  harmonic 

f>a  m  phase  angle  of  nth  harmonic 
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V .  CALIBRATION 


The  ideal  transducer  for  vibration  Measurement  would  have 
an  output  whose  amplitude  and  phasing  is  constant  with 
frequency  as  shown  In  Figure  4.  The  standard  velocity 
pickup  circuit  as  employed  by  VBRTOL  has  the  nominal 
frequency  characteristics  shown  in  Figure  5.  The  fact 
that  amplitude  and  phase  of  pick-up  output  are  a  func. ' on 
of  frequency  results  in  the  recording  of  a  complex  wave¬ 
form  which  differs  considerably  from  the  actual  motion 
sensed  by  the  transducer.  This  must  not  be  overlooked  or 
a  misleading  interpretation  will  follow.  The  recorded 
waveform,  therefore,  must  be  corrected  for  frequency 
effects  on  phase  and  amplitude,. 


A.  Phase  Calibration 


In  order  to  determine  the  amount  of  the  instrumentation 
phase  shift,  three  identical  recording  systems  consisting 
of  MB  velocity  type  pickups,  integrating  amplifiers, 
galvanomoters,  and  recording  oscillograph  of  the  same  type 
used  in  acquiring  the  original  data  were  phase  calibrated. 
This  required  that  histories  of  the  system  output  and 
actual  shaker  table  motion  on  the  same  time  base  be 
obtained  The  record  of  table  motion  was  obtained  by 
recording  a  signal  from  the  shaker  control  oscillator  to 
the  shaker  armature  on  an  oscillograph,  (Fige/e  6), 

Since  the  oscillator  signal  was  to  be  used  as  the  reference 
for  phase  calibration  it  was  first  necessary  to  determine 
the  change  iu  phase  between  the  shaker  table  motion  and 
this  signal..  To  do  this  a  strain  gage  was  mounted  on  the 
table  support  and  analog  recordings  of  the  voltage  from  the 
oscillator  and  strain  gage  bridge  were  obtained  as  shown 
In  Figure  6.. 

Thu  MB  model  C-i  shaker  table  used  for  this  calibration 
Is  an  electro-magnetic,  type  in  which  the  table  Is  attached 
to  the  armature  which  is  subjected  to  a  constant  field. 

The  velocity  of  the  shaker  armature  and  therefore*  the 
t&Jble  is  proportional  to  the  armature  current  and,  there¬ 
fore,  to  the  input  voltage  from  the  oscillator.  The 
signal  from  the  oscillator  thus  should  lead,  by  90°,  the 
displacement  signal  from  the  strain  gage. 

The  phase  difference  of  the  two  signals  was  chocked  over 
the  low  frequency  range  of  prime  interest  in  this  study, 
and  was,  in  fact,  found  to  be  9Q°„  By  this  means,  the 
validity  of  the  oscillator  signal  as  a  reference  foi  the 
MB  pick-up  velocity  was  proven. 
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The  recoided  parse  difference  between  the  table  motion 
and  the  nystna  output,  as  deterained  In  Figure  7,  is  thus 
tee  total  phase  shift  of  the  recording  systeas.  Test  2  war 
perfcrtred  for  all  three  recording  systeas;  the  results  for 
the  three  sy  it  teas  are  given  in  Figures  8,  9.  and  10.  The 
callfctation  ns  averaged  and  used  In  this  study  is  presented 
in  Figure  11 

The  sign  convention  used  in  this  study  for  phasing  was  one 
in  which  positive  <rc  was  read  as  that  angular  increaent 
froa  the  zero  tlae  reference  to  the  first  positive  point 
of  inflection!  of  the  sign  wave  to  the  left  of  the  zero 
tlae  reference,  1  e.,  in  the  direction  contrary  to  increasing 
ti3C 


WADDTR61 -66 


T 


if4>c  is  negative,  it  must  be  read  as  that  increment  of 
tine  from  tbe  zero  reference  to  the  first  positive  point 
of  inflection  to  tbo  right  of  the  zero  time  reference,  i.e., 
in  tbe  direction  of  increasing  time. 


With  tbts  convention  in  use,  the  appropriate  sign  for 
rephasing  of  tbe  actual  motion  to  tbe  recorded  motion 
(applying  tbe 0c)  would  be  plus  (4)  when  tbe  actual 
motion  is  lagging  or  occurring  after  tbe  trace  notion, 
end  minus  (-)  when  tbe  actual  notion  is  leading  or 
occurring  before  tbe  trace  in  tbe  direction  of  increaeing 
time. 


B.  Amplitude  Calibration 

In  order  to  convert  tbe  recorded  oscillograph  traces  to 
actual  amplitudes,  it  eas  necessary  to  determine  the 
sensitivity  of  output  amplitude  to  frequency.  To  do 
this,  MB’s  from  each  of  tbe  recording  systems  were 
mounted  on  tbe  C-l  Shaker  Table.  The  table  was  then 
excited  at  known  amplitudes  over  a  frequency  range  from 
2  to  30  cps.  Oscillograph  records  of  MB  output  were  taken 
at  various  points  in  tbe  frequency  range.  These  records 
were  then  compared  to  tbe  table  displacements,  as  measured 
by  as  IB  Type  OC-1  calibrated  microscope,  thus  establishing 
tbe  amplitude  sensitivity  of  the  various  pickups. 


-  A  - 
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A  total  of  6  pickups  wer#  calibrated  in  this  sanner  with 
the  resulting  scatter  band  in  sensitivity  being  1 ess  than 
9%  (Figure  12) .  This  close  agreement  fro«  i*B  to  MB 
allseed  a  seas  or  average  curve  to  be  drawn  and  applied 
to  all  pickups.  Figure  13  is  such  a  curve  and  was  used 
for  this  study. 
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VI .  REA WALTS IS  OF  DATA 


k . _ C  »  rectlon  and  ik-synthesis  of  Be gorded  Motion 

As  mentioned  in  tbe  preceding  section  certain  amplitude 
and  phase  corrections  Bust  be  aade  to  Kquation  (2). 

Section  V  describes  tbe  determination  of  these  correction 
factors.  Letting  k«  «  tbe  amplitude  conversion  factor  for 
tbe  n*“  bansonic  and 4^,  ■  tbe  phase  angle  correction  for 
tbe  nCB  harmonic,  tbe  protpram  proceeded  to  apply  these 
corrections  to  equation  (2)  as  follows: 


f(t)  m  ijajcos^t  +  (Dj  4  k2a2‘:os^24^t  4  ^2  * 

f  k3&3COs(3«t  ^^3  4  ^-3)  (3) 


Tbe  resulting  amplitudes  and  phase  angles  are  then  those 
of  tbe  actual  action  as  sensed  by  the  pilot..  Special  care 
was  taken  +0  assure  consistency  in  tiie  sign  convention  for 
phase  angle  corrections  as  described  in  Section  (VrA.) 

Having  determined  actual  baraonic  amplitudes  and  phasing, 
equations  (4)  and  (5)  represent  tbe  trace  excursions  ahicb 
would  have  been  recorded  bad  it  been  possible  to  measure 
vibratory  motion  with  no  amplitude  attenuation  or  phase 
shifts  due  to  tbe  instrumentation.: 

For  vertical  motion: 


x  *  Alx*:osV«H  +  4  A2xc°s (2ait  ♦  4  Ajxc:>s(3rft  4  ^x) 

<4) 


For  lateral  motion: 


y  •  A|yCos Out  4$ly)  ♦  A2ycos(2sd  4>2y)  ♦  AgyCOsOm  4  <$>3y) 


(5) 


Where  Anl  =  Actual  amplitudes  in  the  nth  harmonic, 


ith  direction 


<P  nl  •  Actual  phase  angles  for  the  nth  harmonic, 
ith  direct! jn 
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A  vectored  combination  of  Equations  (4)  and  (5)  would  then 
give  the  resultin'.  planar  notion  of  a  point  in  space.  In 
order  to  investigate  the  resultant  velocity  and  acceleration 
of  such  a  point,  the  prograa  included  conversion  of  the  above 
expressions  to  velocities  and  accelerations  as  indicated  in 
Equations  (6)  and  (7) . 

for  velocity: 


x^  n j^cos («/t  +  4\  *  ♦  2#M,2^cos(2dft  +<P  2  ♦  T%) 

4-  oos(3s*  4  Tj£)  (6) 

an/,  for  acceleration: 

'x>  .ti>2h1  cos (alt  +  TT)  4  4*? A 2  cos(2*t  4  <Po  ■#  TI) 

i  i  i 

4  9*rA3  cos v3*>t  4^3  ♦  TT)  (7) 

i 


B.  Evaluation  and  Plotting  of  Corrected  Wave  Forns 

It  was  necessary  to  nunerically  evaluate  Equations  (4) 
through  (7)  preliminary  to  plotting  the  desired  Lissajous' 
figures.  This  was  accomplished,  as  a  subroutine  to  the 
bat sonic  analysis  program,  using  10°  increments  of  the 
azimuth  angle,  Wit,  between  the  limits  of  0°  and  360°. 

The  resulting  values  for  x,  y,  8.  y,  HP,  and®  are  then, 
indeed,  the  ordinates  of  the  desired  wave  forms..  The 
ordinate**  are  then  plotted  in  sequential  time  order  by 
use  of  an  Electronic  Associates  Model  3033-A-2  automatic 
data  plotter. 

This  plotter  accepts  digital  Input  from  IBM  cards  and, 
afte;  converting  the*'©  data  to  the  analog  equivalent,  it 
produces  an  x-y  graphical  representation  of  the  digital 
Information ., 

By  definition,  a  I-lsf-ujous'  figure  is  produced  by  the  motion 
of  a  point  whose  plane  Chrtesian  co-ordinates  both  vary 
periodically..  Since  the  output  of  the  data  plotter  is  in 
this  form  it  may  be  and  i  ■>  hereiu  referred  to  as  Llssa.Jous' 
patterns  of  motion  of  a  point  in  space. 


-.  li  - 
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Consider lag  motion  ir  a  transverse  plane,  the  reference  axis 
is  shown  in  Figure  14,  where  x  is  taken  as  vertical  and  y  as 
horizontal.  If  the  cockpit  floor  was  subjected  to  %  vertical 
vibration  only,  at  a  frequency  of  one  per  rotor  revolution 
the  motion  versus  tine  and  the  projection  on  the  x  axis  would 
be  as  sbowu  in  Figure  IS.  If  the  cockpit  was  subjected  to 
simultaneous  vertical  and  lateral  vibrations  which  were  in 
phase  with  each  other,  as  shown  versus  tine  in  Figure  16, 
the  resultant  or  Lissajoua'  pattern  of  the  two  would  be  the 
straight  line  constructed  by  tbeir  projections  in  the  sane 
figure.  Presume  further  that  a  90°  phase  difference  be 
added  to  the  combined  vibrations,  then  Figure  16  would  be 
altered  to  a  circle  as  is  Figure  17. 

These  cases  are,  of  course,  of  a  basic  nature  iu  that  they 
are  all  of  equal  frequency  and  amplitude  and  involve  nothing 
more  than  a  simple  shift  in  phasing  of  the  input  wave  forms 
for  Figure  17.  noting  the  resulting  change  in  the  Lissajous' 
pattern  for  this  shift,  the  effects  of  more  complex  phase 
shifts  and  combinations  of  frequencies  on  the  figures  can 
be  visualized.. 

The  preceding  discussion  describes  the  entire  IBM  program 
from  analysis  of  the  vibration  records  to  the  graphical 
representation  of  resultant  displacements,  velocities,  and 
accelerations.  Figure  IS  is  a  flow  diagram  of  this  work 
as  performed  by  the  650  computer. 
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VII.  PHESkNTATICN  AW)  DISCUSSION  OP  RESULTS 


In  order  to  seek  out  tbe  best  possible  correlation  between 
pilot  comment  and  resultant  displacement,  "elocity,  ard 
acceleration,  tbe  Lissajous'  plots  were  divided  into  two 
groups  with  respect  to  pilot  comment,  i.e.,  acceptable  and 
unacceptable.  Tbe  Limber  in  the  upper  right  band  corner 
of  each  plot  identifies  it  with  respect  to  tbe  groups  of 
data  agree went  with  these  consents  (Figure  19) . 

A  review  of  these  plots  was  made  in  order  to  determine  those 
characteristics  which  best  define  their  acceptability  and 
unacceptability  to  the  pilot. 

Tbe  first  parameter  investigated  wa«  the  overall  acceleration 
or  amplitude  of  the  figure.  This  was  measured  along  tbe 
major  axis  of  tbe  indicated  ellipse.  As  expected,  tbe 
unacceptable  cases  display  large?  amplitudes  but  there  are 
cases  of  acceptable  comment  whlcn  have  amplitudes  Just  as 
high.  Plot  Mo.  74  (Figure  37),  or  higher.  Plot  Mo.  70 
(Figure  25),  than  any  of  ibe  unacceptable  data.  The  con¬ 
clusion  must  then  be  that  this  parameter  is  not  in  itself 
tbe  only  definition  of  acceptability. 

Examining  tbe  inclination  of  tbe  Lissajous’  figures  of 
resultant  acceleration  and  acceptable  and  unacceptable 
comments,  indicates  that  a  majority  of  tbe  acceptable  plots 
have  slopes  close  to  vertical  or,  in  some  cases,  plots  No. 

94.  65,  66,  and  70  (Figure  25),  tbe  figures  are  completely 
vertically  oriented.  This  indicates  that  tbe  apparent  slope 
of  tbe  Lissajous'  figure  has  to  be  included  m  any  attempt 
to  define  the  acceptability  of  a  given  Plot  However,  this 
psrametei  in  itself  would  once  again  not  be  sufficient  since 
there  are  exceptions,  Plots  Ho.  81  and  82  (Figure  31). 

Errcntrlclty ,  which  is  a  function  of  tbe  ratio  of  tbe  ninor 
axis  of  the  Indicated  ellipse  tc  the  major  axis  was  also 
investigated.  A  majority  of  the  unacceptable  figures  appear 
vtder  tfeaa  «tbe  acceptable  cases  along  their  minor  axes, 

Plots  No  72.  73  75,  76.  and  78  (Figures  26,  38.  and  32 

re»(<v'.:ti*«ly)  versus  t»4,  65.  68,  71,  74,  and  84  (Figures 
25,  37,  and  31  respectively) .  This  indicates  tbe  need  for 
including  eccentricity  in  determining  tbe  acceptability 
or  urtaccepf abili'y  of  a  given  Lissajous’  pattern..  The 
C'ceeatric ity  is  <so te rj* ;  ned  by 
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Where  M  -  length  of  semi-major  axle 

« 

*  -  length  of  seml-min:>r  axis 


An  equivalent  vibration  level  V  which  would  best  define 
these  figures  would  then  contain q these  three  paraaeters. 

A  siaplified  means  of  arriving  at  a  Veg  of  this  nature 
would  be  to  combine  eccentricity  and  slope  into  one  paraaeter.. 
3ucb  a  combination  is  given  by  the  ratio  of  the  peak  lateral 
to  the  peak  vertical  acceleration  for  a  given  plot.  If 
Lissajous  patterns  similar  to  Figure  20  were  obtained,  a 
aeasureaent  of  the  peak  lateral  and  vertical  components, 
clearly  includes  both  eccentricity  and  slope. 

Figure  20  represents  three  ellipses,  two  of  equal  eccentric¬ 
ity  but  different  slopes,  and  two  of  equal  slope  but  different 
eccentricity.  The  ratio  of  peak  accelerations  obviously 
cannot  indicate  which  of  the  two  paraaeters,  eccentricity 
or  slope,  is  the  prevailing  influence,  but  does  show  the 
coabined  effect. 

By  comparing  accelerations  which  resulted  from  flights  of 
acceptable  pilot  comment  to  those  resulting  from  a  condition 
of  unacceptable  coament,  the  presence  of  this  characteristic, 
and  indeed  the  importance  of  it  in  these  patterns,  can  easily 
be  seen.  With  the  exception  of  Plots  Wo.  BO,  81,  and  82 
(Figure  31).  which  are  of  small  amplitude,  only  one  of  the 
acceptable  data  displays  a  lateral  to  vertical  ratio  greater 
than  0. 53  while  11  of  the  12  unacceptable  cases  produce 
ratios  which  are  higher.  This  shows  that  the  ratio  is 
Important:  the  question  is  then  raised  bow  can  this  ratio 
be  combined  with  the  magnitude  of  acceleration  also  assumed 
to  be  important? 

Since  vibration  level  is  commonly  expressed  in  g,  the 
proposed  measure  "Equivalent  Vibration  Level,"  will  be  in 
these  units..  Therefore,  a  dimensional  i ring  factor  must 
be  applied  to  the  y/x  term  to  make  all  units  compatable. 

The  desired  criteria  would  then  be  expressed  as  * 


Wgq  *  A 
where  A 
Y 
X 

K 


+  K  y/x 

£  Resultant  Acceleration 
z  Peak  Lateral  Acceleration 
*  Peak  Vertical  Accelerat ton 
x  Dime  isioaal i zing  Constant 
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The  value  of  tbe  dimensional izing  constant  was  arrived  at 
by  considering  the  average  values  for  tbe  resultant  accel¬ 
eration  and  slope  of  the  Llssajous'  patterns,  5  and  (//X) 
respectively. 

* 

K  »  -  (9) 

(yrx) 


bxnce  the  values  for  unacceptable  acceleration  resultants 
and  ratios  have  a  great  deal  of  scatter  com pared  to 
acceptable  values,  the  nuMerical  value  of  K  was 
deterained  using  tbe  average  of  tbe  pilot  acceptable 
resultant  accelerations  and  lateral  to  vertical  ratios. 

It  was  found  to  be  2.25  g/lr./in  for  this  study. 


In  addition,  as  a  Matter  of  interest  sisllar  averages 
were  obtained  using  both  acceptable  and  unacceptable  data 
by  pilot  co«Ment.  Both  these  values  for  K  were  used  In 
Equation  8  to  calculate  "Equivalent  Vibration  levels" 
for  all  Llssajous’  patterns. 


Figure  21  shows  tbe  data  obtained  using  the  K  factor  derived 
froM  all  tbe  data.  A  la<k  of  reparation  exists  between  a 
pilot  acceptable  and  a  pilot  unacceptable  Y~a  in  this  plot. 
By  com  pa  ring  these  data  to  those  of  Figure  22,  where  <£  was 
deterained  by  using  tbe  acceptable  data  only,  it  is 
concluded  that  tbe  large  spread  of  tbe  unacceptable 
accelerations  and  ratios  Is  responsible  for  the  lack  of 
definition  between  a  pilot  acceptable  and  unacceptable 
Veq  in  Figure  21,  corroborating  tbe  original  assumption. 


A  second  limit  on  Veq  is  suggested  by  comparisons  of  cases 
where  there  are  resultant  accelerations  *lth  equal  or  nearly 
equal  aaouots  of  vertical  aud  lateral  acceleration.  An  example 
of  this  condition  is  Plot  No,  80  (  Figure  31),  where  both 
tbe  pilot  comment  and  the  original  data  analysis  were 
acceptable.  If  the  vertical  acceleration  (x)  of  Plot  No.  80 
«»•>  to  become  very  small  and  indeed  go  to  zero  while  tbe 
lateral  acceleration  was  also  small  but  finite, the  y/x  term 
would  then  go  to  infinity.  The  resulting  Veq  would  then  be 
of  a  very  unacceptable  nature,  whereas,  the  environment  itself 
would  be  even  more  acceptable,  to  tbe  pilot,  than  tbe 
original  condition  of  Plot  No.  80. 
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Therefore,  from  examination  of  Plots  Vo.  80,  81,  and 
82,  it  appears  that  when  the  resultant  acceleration  is 
less  than  0.4  g's  the  pilot  will  accept  the  vibration 
encountered  regardless  of  the  eccentricity  or  slope 
of  the  resulting  Lissajous  pattern.  Kauivalent 
vibration  level  is  therefore  best  redefined  as  being 
United: 


Veq  *8-^1  y/x  for  A>0.4g 
where  A  *  Resultant  Acceleration 
K  *  Dimensional izing  Factor 
T  =  Peak  Lateral  Acceleration 
X  ■  Peak  Vertical  Acceleration 


Kquivalent  vibration  levels  with  this  Modification  are 
presented  in  Figure  22.  A  grey  area  or  overlap  is  present 
in  this  plot.  This  area  of  uncertainty  Must  be  accepted 
as  that  factor  which  is  present  in  any  analysis  of  buaan 
opinion.  Figure  22  indicates  that  an  "equivalent 
Vibration  Level'  equal  to  or  1 1  is  than  1.5  is  unquestionably 
acceptable,  whereas  a  V*«  equal  to  or  greater  than  2  is 
seen  to  be  unquestionably  unacceptable.  Those  cases  in 
between  these  two  figures  Mist  then  be  tesmed  "Marginal." 
Comparing  the  V«q  to  those  cases  where  pilot  comment  and 
the  standard  vibration  criteria  were  in  disagreement ,  two 
cases  of  unacceptable  comment  but  acceptable  data,  Plots 
No.  72  and  73  (Figuree  26  and  38  respectively),  are  now 
shown  to  be  unacceptable  by  data,  and  one  case  which  was 
originally  acceptable  by  pilot  comment  and  unacceptable  by 
data,  Plot  No.  69  (Figure  28),  is  now  shown  to  be 
acceptable  by  use  of  the  V«q.  Further,  the  four  remaining 
cases  of  disagreement,  Plots  No.  70,  71,  86,  and  67 
(Figures  25  and  28  respectively),  are  all  seen  to  be  in 
the  marginal  area,  whereas  the  original  analysis  termed 
the  data  either  definitely  acceptable  or  unacceptable, 
definitions  wbicb  were  in  complete  disagreement  with 
the  pilot's  report,  thus  demonstrating  the  significant 
improvement  in  correlation  achieved  through  the  use  of 
the  Veq. 
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Resultant  displacement  and  velocity  were  also  considered 
and  '’Equivalent  Vibration  Levels"  were  calculated  in  a 
sinilar  fasblon.  Figures  23  and  24  present  these  data 
which  show  no  clear  definition  between  an  acceptable 
pilot  comment  and  an  unacceptable  comment.  Thus  the 
choice  of  resultant  acceleration  as  the  most  significant 
parameter  is  further  substantiated. 
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VIII.  CONCLUSIONS  AMD  RECOMMENDATIONS 


The  principle  result  of  this  analysis  is  the  definition  of  an 
Equivalent  Vibration  Level  (Ve(.)  for  determining  pilot  accept¬ 
ance  or  rejection  of  helicopter  vibration. 

Before  any  strict  interpretation  or  application  of  this  index 
can  be  made,  certain  qualifications  must  be  considered.:  With 
the  instrumentation  located  as  showrt  in  Figure  1.  the  result¬ 
ing  Motions,  correct  as  they  are,  do  not  necessarily  represent 
the  exact  Motion  that  prompts  a  pilot's  consent.  Further,  the 
aircraft  used  for  this  study,  the  H-21C,  incorporates  a  pilot's 
seat  mounted  such  that  is  Isolates  3rd  rotor  order  in  the  ver¬ 
tical  direction,  thus  the  pilot  himself  experiences  a  slightly 
different  Motion.  The  probable  influence  of  longitudinal  Modes 
is  another  factor  not  to  be  overlooked  in  a  more  exact  deter- 
■inatioo  of  a  three  dimensional  Veq. 

In  this  work,  as  in  any  analysis  of  human  opinion,  the  amount 
of  data  considered  is  most  important.  While  the  flights  used 
for  this  analysis  represent  clear  cut  exaaples  of  pilot  com- 
ment  on  the  vibrations  encountered,  their  total  number  is  indeed 
a  Minority  However,  a  distinction  between  an  acceptable  and 
an  unacceptable  Ve_.:  is  becoming  apparent,  even  from  this  rel¬ 
atively  small  sampling.  It  is  conceivable  that  a  larger  samp¬ 
ling  would  result  in  a  much  clearer  distinction.: 


A  fifth  and  final  consideration  is  that  this  criteria  was  de¬ 
termined  using  data  from  one  type  of  aircraft  only  It  is 
probable  that  a  large  sampling  of  various  aircraft  would  then 
result  in  a  universal  Equivalent  Vibrs.tion  Level. 

To  eliainate  qualifications  which  Must  now  r -  placed  on  the 
Veq,  because  of  the  l  imitations  discussed  a><  v*.\,  three  avenues 
of  Investigation  are  open. 

The  first  proposed  study  would  be  one  tc  finch  the  pilot's  seat 
itself  was  instrumented.  An  analysis  of  the  data  resulting 
from  such  instrumentation  would  result  in  iissajous*  patterns 
of  motion  aore  < lonely  i elated  to  the  resulting  pilot  comment 
than  those  of  Figures  25  to  38 


Another  possibility  is  a  test  program  utilizing  a  vibrating 
seat  with  three  degrees  of  freedom  (vertical,  lateral  and  long¬ 
itudinal).  and  correlating  forced  motion  data  with  the  resu  l  ting 

- — _  ■-*-  This  r.rr.frr  ja  roul.i  all  O  -  #/.**•  f  /’hnntrintr  tariona 


parameters  individually.:  e  g.  amplitude,  phase:  (b)  determining 
whether  vertical,  lateral  or  longitudinal  modes  were  most 
objectionable  In  this  program  accelerometers  could  be  used  in 
lieu  of  vibration  pickups  so  that  direct  measurements  may  be 
used  to  calculate  VCq,  rather  than  n<>ing  through  the  harmonic 
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analysis  and  resynthesis  necessary  with  MB  vibration  data. 

An  even  more  expedient  method  would  use  an  electronic  device 
producing,  on  a  scope,  actual  Lissajous  patterns  which  could 
be  photographed  and  then  measured  for  calculations  of  v  * 

The  final  and,  it  seems,  the  most  logical  program  would  eval¬ 
uate  various  types  of  aircraft  and  correlate  the  vibration 
data  taken  with  pilot  comments.  This  program  would  evaluate 
the  influence  of  different  seat  configurations  and  other  items, 
such  as  the  reactions  of  pilots  to  reciprocating  engine  air¬ 
craft  and  turbine  powered  aircraft.  Using  the  instrumentation 
recommended  in  the  preceding  paragraph,  in  conjunction  with 
the  analysis  presented  in  this  report,  an  evaluation  of  this 
type  could,  hopefully,  result  in  a  reliable,  universally 
applicable,  Equivalent  Vibration  Level. 
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